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Abstract  
In the Netherlands ammonia (NH3) emission from livestock production is monitored with a 
regulatory framework in which emission factors are assigned to housing systems in a wide 
range of livestock categories. Assigned emission factors in cattle categories are based on 
barn measurements or deduced from N-excretion and NH3-volatilization data, which date 
back to emission research carried out in the nineties of the last century. Since that decade, 
feeding practices, pasture management and  lay-outs of dairy barns have considerably 
changed. In 2010 more recent information became available from a new series of NH3 emis-
sion measurements in four regular dairy barns in the Netherlands with cubicle housing. 
These results will be used to establish a new emission factor for dairy cattle. To represent 
current feeding and management conditions in this factor, standardization of related key fac-
tors are part of the factor assignment process. This requires knowledge of the key factors 
and the relation with NH3 emission. The aim of this study is to elaborate a methodological 
approach to quantify these relations for the prevailing dairy cattle housing: cubicle housing 
with slatted floors and manure storage underneath. To identify and quantify the key factors 
on NH3 emission we performed a statistical analysis on a database with NH3 emission data 
from dairy barns. The database included 98 measurements from 17 dairy farm locations that 
were carried out between 2007 and 2010. All barns were naturally ventilated. Eight barns 
were conventional cubicle housings with slatted floors and the other 9 barns were equipped 
with emission-reducing floors. On each barn 5 to 6 measurements were taken distributed 
over one year. Measurements were based on 24 hours-sampling, ventilation and emission 
rate measurements were based on the CO2-mass balance method. The statistical analysis 
was based on a mixed regression model, using the REML module of Genstat. Effects of the 
factors housing type (fixed), farm (random) and the variables temperature, humidity, milk 
production and milk urea content were studied. The best model included effects of housing 
type, farm, outdoor air temperature and milk urea content. Milk urea is considered to be an 
indicator of efficient feed management. The model explained 40% of the total variance. Re-
gression analysis showed that NH3 emission increased 1.5% per °C increase of outdoor air 
temperature (s.e. 0.6%, P<0.05), and 2.6% per mg urea per 100 ml of milk (s.e.1.3%, 
P<0.05). The results from this analysis were used to standardize effects of outdoor air tem-
perature and milk urea content on NH3 emission. For outdoor air temperature the 2003-2010 
average in NL was used (10.5 °C) and for milk urea the mean national level of 2012 (23 mg 
urea/100 ml milk). The mean NH3 emission from the 2010 measurement series amounted 
13.9 kg/year per cow. When standardized for milk urea and temperature this would result in 
12.3 kg because of higher temperature and milk urea levels in this research compared to the 
standard means. We conclude that this method is suited for quantifying long term changes of 
key factors like temperature and feed management on NH3 emission from dairy cattle barns. 
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1 Introduction 
In the Netherlands the regulation on ammonia (NH3) and livestock comprises tables that list 
NH3 emission factors of housing systems for the main animal production categories (cattle, 
pigs, poultry). The cattle category is made up of 7 subcategories including among others 
dairy cattle, young cattle, veal calves and beef cattle. These emission factors are based on 
measurements and deducted estimates from N-excretion data, using results of emission re-
search carried out in the nineties of the last century. Since that decade, the lay-outs of dairy 
barns (dominantly naturally ventilated) and management of dairy cattle (feed, production and 
pasture management) have considerably changed. Designs of new dairy barns can be char-
acterized by significantly larger inlet openings in the sidewalls that results in higher ventila-
tion rates levels, and as such may lead to higher NH3 emission. Feed management has be-
come more efficient in nitrogen use over the last decade, showing a steady decrease in the 
excretion of total ammoniacal nitrogen (TAN) (van Bruggen et al., 2014). It can be expected 
that a decrease in TAN excretion will lower the NH3 emission (van Duinkerken et al., 2005).      
 
In recent years new measurements in dairy barns have been carried out in representative 
naturally ventilated housings. Results from these measurements will be used to update NH3 
emission factors of dairy cattle housings. One of the requirements in this update process is to 
ensure that emission factors represent current feeding and management conditions. This can 
be achieved by a measurement strategy that takes into account the variability between cattle 
housings and seasonal variability. Besides a sufficiently large sample size, the accuracy of 
the emission factor can be improved by standardizing for key factors that affect NH3 emis-
sion. This requires knowledge of the key factors and their relation with NH3 emission under 
practical conditions.       
 
The objective of this study was to elaborate a methodological approach to quantify the effect 
of key factors on ammonia emission for the prevailing dairy cattle housing: cubicle housing 
with slatted floors and manure storage underneath.  
 
2 Materials and methods 
2.1 Dataset ammonia emission  
To identify and quantify the key factors on NH3 emission we performed a statistical analysis 
on a database with NH3 emission data from dairy barns. Data were available from three re-
search programmes in which the emissions from naturally ventilated dairy barns were meas-
ured. One measurement program was carried out  by Smits and colleagues (unpublished, in 
preparation) in 2007 and 2008. They monitored 4 dairy barns, all cubicle housings with slat-
ted floors and manure storage underneath, representing the prevailing housing system for 
dairy cattle in the Netherlands. At each farm NH3 emission was measured during 6 sampling 
periods evenly distributed over the seasons, each sampling period lasting 24 hours. This 
sampling strategy complies with the current measurement protocol for determining ammonia 
emission factors in the Netherlands (Ogink et al., 2014). In the second research program 
(Mosquera et al., 2010), measurements were performed at 4 dairy barns, cubicle housings 
with slatted floors and manure storage underneath, during 2009 and 2010, in which 5 sam-
pling periods of 24 h were included, evenly distributed over seasons. In this research apart 
from NH3 also dust, greenhouse gases and odour emission were measured. In a third re-
search program NH3 emission was monitored from dairy barns equipped with new floor types 
designed to decrease NH3 emission. In general emission reduction was achieved by using 
solid floors instead of slats, with minimal drainage openings for urine, and equipped with 
scrapers for manure removal. Altogether the latter research program monitored 9 dairy barns 
with different floor types in 2011 and 2012, as reported by Mosquera et al. (2012a), 
Mosquera et al. (2012b), Mosquera et al. (2012c), Mosquera et al. (2012d), Mosquera et al. 
(2012e), Mosquera et al. (2012f), Mosquera et al. (2012g) and Mosquera et al. (2012h). Each 
barn was sampled 6 times, each sampling lasting 24 h, evenly distributed over the four sea-
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sons. All measurements were carried out without grazing of the animals during daytime. Fig-
ure 1 illustrates examples of a typical cattle house with slatted floor and manure storage un-
derneath (left), and a solid floor with draining holes in grooves (right) that prevents ammonia 
emission from the underlying manure storage. 
 
Emission measurements in all three programs were based on the carbon dioxide (CO2) mass 
balance method. This method uses the CO2-NH3 ratio for determining emissions, making use 
of the CO2 prediction equations recommended by the CIGR as described by Pedersen et al. 
(2008). The emission values represented 24-hour averages. In total 98 24-h values from 17 
different dairy barns (8 barns with slatted floors and 9 with closed floors), were available. 
 
 
 
 
Figure 1: Examples of a typical cattle house with slatted floor and manure storage underneath (left), 
and a solid floor with draining holes in grooves (right).        
2.2 Statististical analysis 
The dependent variable in the statistical analysis was NH3 emission. All emission values 
were expressed on year basis per animal place (kg NH3/year per animal place), and were 
converted into natural logarithms (ln) to obtain a normal distribution with dispersion inde-
pendent of the emission levels. 
 
The following factors and covariables were used in a mixed regression model to explain the 
variation in NH3 emission: 
 
 Factors: Housing type (fixed) and Farm (random) 
 
 Covariables: Temperature (outdoor and inside, °C), RH (outdoor and inside, %), Milk produc-
tion (kg/animal), Milk urea  (mg/100 ml)  
  
The factor Housing type distinguishes between the different housing types in the dataset, 
including the prevailing housing system with slatted floors and manure storage underneath 
and the different emission-reducing floor types of the third research program. The random 
factor Farm expresses the effects of farm specific management and lay-out differences within 
the two groups of housing types. This may include ventilation management but also differ-
ences in available floor space per animal and orientation of the building to the prevailing wind 
direction.   
 
Model parameters were fitted by making use of the restricted maximum likelihood module 
method (REML) of the GenStat software package 15.2 (VSN International Ltd., Hemel 
Hempstead, UK). Different models were fitted starting with a full model and relevant interac-
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tions between variables, followed by eliminating variables that were not significantly explain-
ing variation in NH3 emission. 
 
2.3 Standardization method for emission factors 
Results from the statistical analysis were used to demonstrate how standardization of man-
agement and climate variables can be achieved in the process of establishing an NH3 emis-
sion factor for conditions in the Netherlands. For this purpose we used the emission results 
of Mosquera et al. (2010) as the most representative dataset for current housing and man-
agement conditions in Dutch dairy production. 
 
For those variables that influenced NH3 emission statistically significant, the mean values 
under current production conditions were derived. The logarithm of each emission record in 
the dataset was accordingly corrected to the mean level of the variables involved, using the 
estimated effects from the statistical model. All corrected logarithmic values were converted 
to a normal scale by means of the exponential function. The NH3 emission factor was conse-
quently calculated as the overall mean of all standardized normal values. 
3 Results and discussion 
The best explaining mixed regression model included the following explanatory variables: 
 
• Fixed effects:  Housing type 
• Random effects: Farm + Farm * Milk urea 
• Co-variables:  Temperature + Milk urea  
 
The final model explained 40% of the observed variation in the dataset. The co-variables 
Temperature and Milk urea were significant at p<0.05 level. Because outdoor and inside air 
temperature were strongly correlated we excluded inside air temperature from the analysis. 
All other available variables did not contribute significantly to explaining variation. Table 1 
provides an overview of the estimated parameters. Effects of housing type are not shown, as 
they are out of scope of this specific study. 
    
Table 1: Overview of estimated model parameters and standard errors of the best explaining mixed 
regression model. Estimates of housing types effects are not shown.  
  
Parameter Estimate (ln-scale) Standard error (ln-scale) 
Farm 0.0204 0.0219 
Farm*Milk urea 0.0016 0.0010 
Milk urea 0.0252 0.0133 
Temperature (outdoor) 0.0149     0.0061 
 
The estimates of the variance components Farm and its interaction with Milk urea gave an 
insight in the variability between farms within the same housing type, although it should be 
noticed that their standard errors were substantial, and as such only give an indication of 
farm variability. Expressed as standard deviation the Farm component corresponded with a 
value of 0.14, or a variation coefficient of 14%. Schrade et al. (2012) reported a comparable 
standard deviation of 0.13 in a study with 6 farms. 
 
In Figure 2 the observed NH3 emission is plotted against the milk urea content. The estimat-
ed regression coefficient corresponds to an increase in NH3 emission of 2.6% with every mg 
urea increase in 100 ml milk. The size of this effect is exactly the same as the estimate re-
ported by van Duinkerken et al. (2005). They based their estimate on a number of feeding 
trials in a naturally ventilated dairy barn. The milk urea content can be considered an indica-
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tor for the efficiency of feed nitrogen use. Van Duinkerken et al. (2005) demonstrated a posi-
tive correlation between milk urea content and urinary N excretion.  
 
 
 
Figure 2: The observed NH3 emission (ln-scale) versus the milk urea content, distinguished for the 
prevailing housing with slatted floors, and 5 other housing systems with adapted floors to reduce 
emissions     
 
The regression analysis showed an increase in emission of 1.5% with every 1 °C increase in  
outdoor temperature. Van Duinkerken et al. (2011) reported a higher increase of 2.6%  per 
°C increase in a naturally ventilated barn that was monitored in the grazing season between 
April and October. A number of other studies reported a wide range of temperature effects on 
emission. Different effects may be caused by confounding effects of other variables that vary 
between studies, differences in monitored temperature ranges and differences in effects of 
within-farm and between-farm variation. The dataset in this study includes both variation 
sources, whereas in the study of van Duinkerken (2011) only within-farm variation is in-
volved.        
 
The analysis provided information on the effects of feed management and climate as ex-
pressed by milk urea content and outdoor temperature on ammonia emission. We used this 
information to standardize these effects in the dataset of Mosquera et al. (2010), by correct-
ing to representative levels of milk urea content and outdoor temperature for production con-
ditions in the Netherlands. For temperature the 10-year average (2003-2012) of the weather 
station of the KNMI, centrally located in the Netherlands, was used as standard value. For 
milk urea the national average reported by the Dutch dairy production board was applied.      
 
Table 2: Average levels for outdoor temperature and milk urea content in the research of Mosquera et 
al. (2010), their standardized levels, and the related ammonia emission 
 
 Parameters Research dataset 
Mosquera et al. (2010) 
 
Standardized levels for 
temperature and milk urea  
Outdoor temperature (0 C) 15,9 10,5 
Milk urea content (mg/100 ml) 23,6 23,0 
NH3 emission (kg NH3/year per 
animal place) 
13,9 12,3 
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Table 2 provides an overview of the standardized levels and the average values during the 
sampling days in the dataset of Mosquera et al. Especially for outdoor temperature there is a 
huge discrepancy between the dataset and the 10-year average. The mean NH3 emission 
from the 2010 measurement series amounted 13.9 kg/year per cow. When standardized for 
milk urea and temperature this results in 12.3 kg, a 12% decrease that can be mainly at-
tributed to the much higher temperature levels in the dataset. Although the sampling strategy 
in the researched dataset included a distribution of the 6 measurements for each of the 4 
farm over all seasons this apparently did not prevent strong deviations from the long term 
average temperature. Compared to mechanically barns in intensive livestock production, 
naturally ventilated dairy barn normally show a strong correlation between outdoor and inside 
temperature. Especially in measurement programs for determining emission factors of natu-
rally ventilated housing systems, this means that standardization to representative tempera-
ture level should be considered.      
 
4 Conclusions 
To identify and quantify the key factors on NH3 emission we performed a statistical analysis 
on a database with NH3 emission data from 17 dairy barns. From this analysis the effects of 
feed management, as expressed by milk urea content, and outdoor temperature could be 
estimated. The effects of both variables were applied to a dataset of emissions from dairy 
cattle barns that was carried out in compliance with the current measurement protocol for 
ammonia emission. It was demonstrated that standardization for both variables resulted in a 
12% decrease. We conclude that this statistical method is suited for quantifying effects of key 
factors like outdoor temperature and feed management in the process of establishing NH3 
emission factors for dairy cattle barns.  
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